Sperm cryopreservation is useful for the effective storage of genomic resources derived from genetically engineered mice. However, freezing the sperm of C57BL/6 mice, the most commonly used genetic background for genetically engineered mice, considerably reduces its fertility. We previously reported that methyl-beta-cyclodextrin dramatically improved the fertility of frozen/thawed C57BL/6 mouse sperm. Recently, it was reported that exposing sperm to reduced glutathione may alleviate oxidative stress in frozen/thawed mouse sperm, thereby enhancing in vitro fertilization (IVF); however, the mechanism underlying this effect is poorly understood. In the present study, we examined the combined effects of methylbeta-cyclodextrin and reduced glutathione on the fertilization rate of IVF with frozen/thawed C57BL/6 mouse sperm and the characteristic changes in the zona pellucida induced by reduced glutathione. Adding reduced glutathione to the fertilization medium increased the fertilization rate. Methyl-beta-cyclodextrin and reduced glutathione independently increased fertilization rates, and their combination produced the strongest effect. We found that reduced glutathione increased the amount of free thiols in the zona pellucida and promoted zona pellucida enlargement. Finally, 2-cell embryos produced by IVF with the addition of reduced glutathione developed normally and produced live offspring. In summary, we have established a novel IVF method using methyl-beta-cyclodextrin during sperm preincubation and reduced glutathione during the IVF procedure to enhance fertility of frozen/thawed C57BL/6 mouse sperm.
INTRODUCTION
The cryopreservation of mouse sperm is a simple and useful method to archive a vast number of genetically engineered mice [1] . Sperm cryopreservation saves space, reduces costs related to the upkeep of each mouse lineage, minimizes genetic drift, and facilitates the transport of mice between research facilities [2] [3] [4] . Therefore, sperm cryopreservation has been used to store genetically engineered mice in genetic resource banks and many research facilities.
In vitro fertilization (IVF) with cryopreserved mouse sperm is used for reproduction and colony expansion, because it can generate a large number of embryos [5] . The fertility of frozen/ thawed sperm is generally the same as that of fresh sperm for most inbred and F 1 hybrid mouse strains [6] . Thus, older methods of sperm cryopreservation and IVF can be adapted to give a stable yield of embryos in most strains.
These IVF methods cannot be used with C57BL/6 mice, however, due to the low fertility of the frozen/thawed sperm [5, [7] [8] [9] [10] . C57BL/6 substrains are commonly used to produce genetically engineered mice; therefore, large numbers of cryopreserved sperm taken from genetically engineered mice derived from these strains have been archived in genetic resource banks worldwide. A reliable IVF protocol with frozen/ thawed C57BL/6 mouse sperm that achieves a high fertilization rate is needed to establish a more effective archiving and banking system.
Previously, we reported that freezing and thawing dramatically reduce the fertility of C57BL/6 mouse sperm by reducing motility and ability to penetrate the zona pellucida (ZP) and by inducing plasma membrane damage to the acrosomal region [11] . To solve this problem, we have attempted to improve sperm cryopreservation and IVF techniques. Our previous study showed that L-glutamine boosts the cryoprotective effect of 18% raffinose pentahydrate/3% skim milk solution, thus improving fertilization rates of IVF using frozen/thawed C57BL/6 mouse sperm [12] . L-Glutamine is the most abundant free amino acid in the plasma and tissues, and it plays an important role in nitrogen metabolism and protein synthesis [13] . It also enhances postthaw motility and stabilizes the plasma membrane in mammalian sperm, thereby reducing the damage associated with freeze/thaw procedures [14] [15] [16] [17] [18] .
In addition, we discovered that preincubation with methylb-cyclodextrin (MBCD) markedly increases the in vitro fertility of frozen/thawed sperm [19] . MBCD is a methylated cyclic heptasaccharide consisting of a-(1,4)-glucopyranose units with a hydrophilic outer surface and a central lipophilic cavity [20] . Its unique structure gives MBCD the ability to form inclusion complexes with many lipophilic agents. During sperm preincubation, MBCD promotes cholesterol efflux from the plasma membranes of sperm, inducing capacitation [21, 22] . Cholesterol efflux is much faster and more efficient using MBCD than efflux using bovine serum albumin, which accounts for the effectiveness of MBCD at increasing sperm fertility [19] .
Recently, the addition of reduced glutathione (GSH) to a fertilization medium was reported to increase the fertility of frozen/thawed sperm of various strains of mice [23] . GSH is a biological antioxidant that protects mammalian sperm against the loss of DNA integrity and motility through oxidative stress [24, 25] . However, the mechanism by which GSH improves the fertility of frozen/thawed mouse sperm is not fully understood.
In the present study, we evaluated the combined effects of MBCD and GSH on the fertility of frozen/thawed C57BL/6 mouse sperm and the effect of GSH on sperm and oocytes during fertilization. In addition, we validated the efficacy of the IVF procedure with GSH to produce genetically engineered mice with frozen/thawed C57BL/6 mouse sperm.
MATERIALS AND METHODS

Animals
The C57BL/6J mice were purchased from CLEA Japan and were used as donors of sperm (from mice 12-15 wk of age) and oocytes (from mice 8-10 wk of age). In addition, 10 strains of genetically engineered mice with a C57BL/6 background were used for IVF and embryo transfer. ICR mice (8-16 wk of age; CLEA Japan) were used as recipients of the 2-cell embryos. All animals were housed under a 12L:12D photoperiod (lights-on, 0700-1900 h) at a constant temperature of 228C 6 18C with free access to food and water. All animal experiments were approved by the Animal Care and Use Committee at the Kumamoto University School of Medicine.
Media
For sperm cryopreservation, a modified 18% raffinose pentahydrate/3% skim milk (Difco, Becton Dickinson) solution containing 100 mM L-glutamine (mR18S3) was prepared as previously described [12] . A modified KrebsRinger bicarbonate solution (TYH) containing 1.0 mg/ml of polyvinyl alcohol and 0.75 mM MBCD (Sigma) was used to preincubate sperm [1, 19] . Human tubal fluid (HTF) medium was used for the IVF procedure [26] , and potassium simplex optimized medium (KSOM) was used to culture 2-cell embryos to the blastocyst stage [27] . GSH was added to the TYH containing MBCD (1.00 mM GSH) and to the HTF (0, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, and 2.00 mM GSH) immediately before each experiment.
Cryopreservation of Sperm and IVF with Cryopreserved Sperm Figure 1 provides a schematic description of mouse sperm cryopreservation and the IVF protocol.
Sperm Freezing and Thawing
Sperm cryopreservation was performed as described previously [12] . A 60-ll aliquot of mR18S3 solution was placed in a 35-mm culture dish and covered with paraffin oil. Another 60-ll aliquot of the same solution was then added to make a tall, semispherical drop, which is useful to collect large volumes of sperm suspension without sperm remaining on the bottom of the dish. After killing a male mouse by cervical dislocation, its cauda epididymides were removed and completely cleaned of all fat and blood under a microscope (Fig.  1A ) before transfer to the drop of mR18S3, where they were cut into five or six pieces with microspring scissors (Fig. 1B) . The dish was then maintained at 378C for 3 min and gently shaken every minute to disperse the sperm from the tissue.
During sperm preparation, 10 freezing straws (0.25-ml plastic straw; IMV) were loaded with 100 ll of HTF and 15 mm of air using a 1-ml syringe. The sperm suspension was then divided into 10 aliquots (10 ll each) on a culture dish. Each drop of sperm suspension was loaded into a freezing straw along with 15 mm of air (Fig. 1C) , and both sides of the straw were heat-sealed ( Fig.  1D and Supplemental Fig. S1A , all Supplement Data are available online at www.biolreprod.org). The sealed straws were transferred to a freezing canister made from a 50-ml syringe (Supplemental Fig. S1B ) and cooled in the gas layer in the neck of a liquid nitrogen tank (MVE XC 47/11-10; MVE Biological Systems, Chart Industries, Inc.) for 10 min (Fig. 1E ). Once equilibrium had occurred, the freezing canister containing the straws was plunged directly into liquid nitrogen, and the straws were transferred to a precooled, triangular cassette in the liquid nitrogen tank for storage (Fig. 1F) . Before the experiments, the samples were removed from the liquid nitrogen and thawed in a 378C water bath for 10 min (Fig. 1G ).
In Vitro Fertilization
Procedures using frozen/thawed sperm for preincubation and IVF were described previously [12] . Mature female mice were superovulated by intraperitoneal injection of 7.5 IU of equine chorionic gonadotropin (ASKA Pharmaceutical Co. Ltd.), followed 48 h later by 7.5 IU of human chorionic gonadotropin (hCG; ASKA Pharmaceutical Co. Ltd.). Fourteen to fifteen hours after the hCG injection, the mice were killed by cervical dislocation, and their oviducts were quickly removed and transferred to a fertilization dish containing paraffin oil. Using a needle and forceps under a microscope, four to six cumulus-oocyte complexes (COCs) were obtained from the ampulla of the fallopian tubes of two to three female mice. The COCs were then introduced into a 90-ll drop of HTF medium (with or without GSH) covered with paraffin oil.
A 10-ll aliquot of thawed sperm suspension was added to the center of a 90-ll drop of TYH containing MBCD covered with paraffin oil (Fig. 1H) . The thawed sperm were preincubated for 30 min at 378C with 5% CO 2 , and then a 10-ll aliquot of sperm suspension was collected from the peripheral part of the drop using a wedge-shaped pipette tip (0.5-10 ll; Quality Scientific Plastics) (Fig. 1I) . The sperm suspension was carefully transferred to the IVF drop containing COCs and incubated at 378C with 5% CO 2 (final motile sperm concentration, 200-400 sperm/ll) (Fig. 1J) .
After 5-6 h, the inseminated oocytes were washed three times in drops of HTF (100 ll) covered with paraffin oil and cultured at 378C with 5% CO 2 . At this time, pronucleus formation was observed with phase-contrast microscopy. Twenty-four hours after insemination, fertilization rates were calculated as the total number of 2-cell embryos divided by the total number of inseminated oocytes multiplied by 100.
Measurement of ZP Expansion
After carrying out IVF with various concentrations of GSH (0, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, and 2.0 mM in HTF), the oocytes were washed and transferred to 100 ll of HTF 6 h after insemination. The morphological changes in the oocyte ZP (30 oocytes/experiment) were observed under a microscope, and the ZP area was determined with image-analysis software (VH Analyzer Version 2.6; Keyence Co.).
Visualization of Protein Thiols in the ZP
After collecting COCs, the oocytes were denuded in HTF with 0.1% hyaluronidase and incubated in HTF with GSH (0, 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, or 2.00 mM) for 1 h at 378C. Then, the oocytes were collected and washed three times in PBS and stained with 100 lg/ml of Alexa Fluor 488 C5-maleimide (A10254; Invitrogen) for 1 h in the dark at room temperature. After washing the stained oocytes three times in PBS (90 oocytes/experiment), images were obtained with a fluorescence microscope (Biozero BZ-8000; Keyence Co.) and analyzed with image-analysis software (VH Analyzer Version 2.6).
Embryo Culture and Transfer
After carrying out IVF (with or without 1.0 mM GSH), the 2-cell embryos were divided into two groups: One group was cultured to the blastocyst stage in KSOM, and the other group was transferred into the oviducts of ICR females (10 embryos/oviduct) on the day a vaginal plug was found (Day 1 of pseudopregnancy). After 19 days, the number of offspring was recorded. In addition, the 2-cell embryos derived from genetically engineered mice were transferred into pseudopregnant mice in the same manner.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism Version 3.0 (GraphPad Software). Results are expressed as the mean 6 SD. Group results were compared using analysis of variance after arcsine transformation of the percentage data, with a value of P , 0.05 considered to be significant.
RESULTS
Promotion of Fertilization by GSH
Adding GSH to the fertilization medium enhanced the fertility of frozen/thawed C57BL/6 mouse sperm (Table 1) . GSH increased the fertilization rate in a dose-dependent manner; statistically significant increased fertilization was first observed at 0.5 mM GSH, reaching maximum values from 1.0 to 2.0 mM. No polyspermic oocytes were observed in any treatment group.
GLUTATHIONE FACILITATES FERTILIZATION IN MICE
Additive Effect of MBCD During Sperm Preincubation and GSH During Fertilization
We found that adding MBCD (0.75 mM) during preincubation or GSH (1.0 mM) during fertilization increased the fertilization rate; however, the combination of MBCD during sperm preincubation and GSH during IVF yielded the highest rates of fertilization (Table 2 ). In contrast, the presence of GSH during sperm preincubation did not affect fertilization rates.
Expansion of ZP by GSH
The presence of GSH promoted ZP expansion in a dosedependent manner (Fig. 2) . The expansion was first observed at 0.75 mM GSH and dramatically increased with 1.5 mM GSH, which altered the ZP morphology.
Increased Protein Thiols by GSH Treatment
Protein thiols in the ZP of oocytes treated with GSH and untreated oocytes were detected with the thiol reactive   FIG. 1 . Schematic descriptions of mouse sperm cryopreservation (A-F) and IVF using frozen/thawed sperm (G-K). A) A pair of cauda epididymides was collected from a male mouse. B) The cauda epididymides were transferred into a 120-ll drop of cryoprotective agent (CPA) composed of raffinose pentahydrate, skim milk, and Lglutamine, then cut into five pieces, as indicated by the arrowheads. C) The prepared sperm suspension (10 aliquots, 10 ll each) was placed on a culture dish and aspirated into 0.25-ml plastic straws preloaded with 100 ll of HTF. D) Both ends of the straw were sealed with an impulse heat sealer. E) The straws were placed in a freezing canister and cooled in the vapor of a liquid nitrogen (LN 2 ) tank for 10 min before directly plunging them into the LN 2 .
F) The samples were stored in LN 2 until use. G) The samples were retrieved from storage and immediately warmed in a water bath at 378C for 10 min. H) Aliquots of sperm suspension (10 ll) were loaded and preincubated in 90 ll of modified Krebs-Ringer bicarbonate solution (TYH) containing MBCD for 30 min at 378C. I) A 10-ll aliquot of sperm suspension containing motile sperm was collected from the peripheral part of the drop using a wedge-shaped pipette tip in the direction shown by the arrow. J) The sperm suspension was added to 90 ll of HTF with 1.0 mM GSH containing COCs and incubated for 5-6 h at 378C with 5% CO 2 in the air. K) The oocytes were washed three times with fresh HTF (80 ll), placed in a CO 2 incubator, and incubated in a drop of HTF overnight. The next day, the 2-cell embryos were transferred into fresh HTF.
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TAKEO AND NAKAGATA fluorescence dye Alexa Fluor 488 C5-maleimide. The fluorescence intensity in the ZP after GSH treatment increased in a dose-dependent manner, indicating an increase in free thiols (Fig. 3) .
In Vitro and In Vivo Development of 2-Cell Embryos Obtained Through IVF with GSH
Two-cell embryos that were inseminated with frozen/ thawed C57BL/6 sperm preincubated with MBCD and then fertilized in 1.0 mM GSH developed normally into blastocysts ( Table 3) . The blastocyst developmental rates were similar to that of oocytes fertilized without GSH, and normal live young were obtained after embryo transfer, with a birth rate similar to that of the control. Thus, adding GSH to the IVF medium did not adversely affect development in vitro or in vivo.
Fertilization Rates in Genetically Engineered Mice and Development Rates of 2-Cell Embryos Obtained Through IVF with GSH
Fertilization rates increased in all strains of genetically engineered mice when COCs were inseminated with frozen/ thawed sperm treated in the same manner as the C57BL/6 strain ( Table 4) . After embryo transfer, the 2-cell embryos developed normally into live pups ( Table 5 ). The development rate after IVF using HTF with GSH was similar to that of conventional IVF using HTF.
DISCUSSION
In the present study, we demonstrated that adding GSH to fertilization medium dramatically enhances the fertility of frozen/thawed C57BL/6 mouse sperm. We found that the combination of MBCD for sperm preincubation and GSH for IVF produced the highest rate of fertilization. In the fertilization medium, GSH promoted ZP expansion and dosedependently increased the number of free thiols in the ZP. The embryos obtained using GSH developed normally into live pups. These results suggest that GSH increases the fertilization rate by changing the status of thiols in the ZP. This IVF technique may be useful to achieve a high fertilization rate with frozen/thawed C57BL/6 mouse sperm.
Recently, a vast number of genetically engineered mice have been produced by global large-scale knockout or mutagenesis projects [28] [29] [30] . Genetic resource banks archive and distribute these mice to the scientific community [2, 31, 32] . Sperm cryopreservation allows genetic resource banks to easily collect and store a large number of germplasm samples; however, frozen/thawed mouse sperm, especially those derived from C57BL/6 mouse strain, exhibit a marked reduction in fertility, which decreases the number of embryos obtained through conventional IVF [6] . Solving the problem of low fertility in frozen/thawed sperm is the key to creating an effective system for archiving genetically engineered mice with cryopreserved sperm.
In the present study, we demonstrated that adding GSH to the fertilization medium in our IVF system greatly increased 3 . Effect of GSH on the number of free thiols in the ZP. GSH-treated eggs were stained with Alexa Fluor 488 C5-maleimide to evaluate free thiols in the ZP by fluorescence microscopy. The relative mean fluorescence intensity (RMFI) was calculated using the following formula: (mean fluorescence intensity at each GSH concentration)/(mean fluorescence intensity at 0 mM) 3 100. Results are expressed as the mean 6 SD. *P , 0.05 compared with control (0 mM GSH). Bar ¼ 50 lm. the fertility rate to approximately 90%. This improvement will reduce the number of female mice required for oocyte collection and the frequency of IVF procedures. It will also remove the need for assisted reproductive technology; thus, reproducing genetically engineered mice from frozen/thawed sperm saves both time and money. The low fertility of frozen/thawed sperm in the C57BL/6 mouse strain, reported as 0%-20%, has been well documented since the early 1990s [8] . We have continuously modified the protocol for sperm cryopreservation and preincubation to improve the fertility rate. L-Glutamine has been shown to increase the protective effects of mR18S3 in sperm cryopreservation [12] . In addition, the frozen/thawed sperm are efficiently activated by preincubation with MBCD, which dramatically improves the fertilization rate [19] . In the present study, adding GSH to a fertilization medium increased the fertilization rate by modifying the oocyte ZP. This simple procedure can thus achieve a high and stable rate of fertilization through IVF with frozen/thawed sperm.
We demonstrated that sperm preincubation with MBCD increased the effectiveness of GSH. Adding MBCD to the preincubation medium and GSH to the fertilization medium produced a higher rate of fertilization for frozen/thawed C57BL/6 mouse sperm than adding either MBCD or GSH alone. During sperm preincubation, MBCD acts as a cholesterol acceptor to induce capacitation, which promotes sperm penetration and fertilization [21] .
Interestingly, the GSH-stimulated fertilization was associated with an increase in the number of free thiols in the ZP and with an increase in ZP expansion. GSH is a biological antioxidant that can reduce disulfide bonds (-S-S-) to produce two thiol groups (-SH) [33, 34] . Disulfide bonds between cysteines are vital for the formation of stable native conformations in proteins [35, 36] . The mouse ZP consists primarily of three glycoproteins-namely, ZP1, ZP2, and ZP3, which have 21, 20, and 12 cysteine residues, respectively, that form intra-or intermolecular disulfide bonds [37, 38] . Bleil and Wassarman [39] reported that ZP1, which forms homodimers linked by intramolecular disulfide bonds, plays a role in linking filament sheets composed of ZP2 and ZP3 to maintain the ZP structure. Accordingly, a study of ZP1-knockout mice revealed a loosely organized ZP matrix and dramatic enlargement of the perivitelline space [40] . Consistent with those results, we found that high GSH concentrations increased the perivitelline space and increased the level of free thiols in the ZP. Breaking disulfide bonds in the ZP may alter protein interactions, thereby modifying the ZP structure and function.
Iwamoto et al. [41] reported the oxidation of cysteine residues in the ZP of bovine oocytes during fertilization [41] . Conversion of thiols to disulfide bonds is involved in ZP hardening and inhibition of sperm penetration. Because GSH can reduce disulfide bonds to liberate free thiols, the effect of GSH on fertilization in the present study may have resulted from to its ability to protect against ZP hardening, thereby increasing sperm penetration.
We found that the 2-cell embryos of C57BL/6 mice generated by IVF with GSH developed normally and produced live pups. We used this technique with 10 strains of genetically engineered mice having a C57BL/6 background and observed that fertilization and development rates of the genetically engineered mice were similar to those of C57BL/6 mice. Combined with MBCD, GSH may thus be useful for producing live mice via 2-cell embryo transfer.
In summary, we demonstrated that adding GSH to fertilization medium enhances the fertility of frozen/thawed C57BL/6 mouse sperm after MBCD preincubation. We showed that GSH-treated oocytes exhibit altered thiol status and increased numbers of free thiols in the ZP. Zona dissection using GSH appears to facilitate ZP penetration and fertilization. Finally, our novel IVF protocol using GSH achieves high fertilization rates with cryopreserved mouse sperm.
